Purpose. We have designed and constructed an ultraviolet (UV) illumination system for use in corneal collagen crosslinking (CXL) procedures. CXL is a recently developed procedure to treat Keratectasia such as Keratoconus and Pellucid Marginal Degeneration. The role of the illumination system is to safely provide UV light at the absorption peak of the Riboflavin photosensitizer, which generates reactive oxygen species and subsequently increases the number of covalent bonds between collagen fibrils. Methods. Raytracing simulations were used to compare various optical designs for the illumination system. Alternative layouts are presented and design compromises between competing goals are discussed in reference to safety and practical considerations for clinical use. The mechanical mounting system and the beam output power and beam diameter testing system are briefly described. Results. The illumination system has several features that help provide uniform effectivity of the applied treatment over the desired treatment diameter, assuming Riboflavin has uniform absorption in the treatment zone. The optical design offers substantially greater beam control and safety than rudimentary devices relying on direct illumination. The prototype was relatively inexpensive to construct and includes a mounting system and beam testing setup. Conclusions. The UV illumination system was found to be successful in providing a balanced solution regarding clinical use and the eye safety issues relevant to CXL. (Optom Vis Sci 2011;88:512-524) 
K eratoconus is a progressive, non-inflammatory thinning and ectasia of the cornea that leads to scarring, large amounts of myopic astigmatism, and higher order aberrations. Traditionally, keratoconus is managed with spectacles and rigid contact lenses, and advanced cases may require corneal transplantation. Corneal collagen crosslinking (CXL) was recently introduced by Sporl et al. 1 and Wollensak et al. 2 as a potential treatment for keratoconus.
The CXL procedure involves topical anesthetization, mechanically removing the corneal epithelium, saturating the corneal stroma with Riboflavin, and then exposing the cornea with ultraviolet (UV) illumination to form CXL between the collagen fibrils. During treatment, the patient lies supine and the eye is partly stabilized with a lid speculum. Topical steroids and antibiotics are used postoperatively along with a bandage contact lens. Most published protocols differ only slightly from that developed by the Dresden research group. 3 The rational for CXL treatment is to slow or halt progression of corneal ectasia and increase corneal rigidity. 4 Some patients also experience a flattening of corneal topography. 3, 5 Other corneal ectasias may also benefit from CXL, and various novel applications have been suggested in the treatment of bullous keratopathy, microbial keratitis, stromal ulcers, and in donor cornea modification. 3, 5 In 2007, Spoerl et al. 6 compared the Dresden protocol to safety guidelines for UV damage and photochemical damage. The efficacy and safety of CXL continues to be investigated with rigor, and the main developments thus far have been summarized in recent reviews of Snibson 3 and Ashwin and McDonnell. 5 Clinical experiments with increasing subject numbers and improved experiment design continue to be published by various groups worldwide. 3, 5 The results of several randomized controlled trials 7 are currently awaited. To date, there are limited scientific publications dedicated to discussing the optical design of UV illumination systems used for CXL. The earliest illumination systems used in pilot studies consisted of simply two light-emitting diodes (LEDs) mounted at an angle to create overlapping illumination fields of the required diameter at a 10 mm working distance. 2, 8 In 2008, Bueeler et al. 9 discussed the design features of an UV illumination system, which to our knowledge is closely related to the first commercially available device (UV-X, Peschke Meditrade Switzerland 10 ). Only basic optical design specifications regarding the two other commercial illumination systems can be gleaned from disclosed product information [11] [12] [13] [14] [15] and reports that have used prototypes. 16, 17 A summary of currently available commercial UV illumination devices for CXL 10 -17 is given in Table 1 , although this is not an exhaustive list. Because of the emergent technology of CXL, many of the procedures reported in the literature have been performed with non-proprietary devices. 3 This article presents the optical design of a non-propriety illumination system and discusses decisions and compromises between competing design goals in reference to safety and practical considerations for clinical use. Many of the optical design topics presented here correspond to those first published by Bueeler et al. 9 
Illumination Treatment Parameters
For a UV illumination system used during CXL procedures, the accepted typical illumination parameters 3, 5, 6 are a peak wavelength of 365 to 370 nm, an irradiance of 3 mW/cm 2 in the treatment plane, and an exposure time of 30 min delivering a total dose density of 5.4 J/cm 2 . A nominal denuded epithelium zone of 7 to 9 mm diameter and a nominal treatment beam diameter of 7 mm is typical (often this parameter is user controlled and variable from 6 to 11 mm diameter). In most studies, the spectral bandwidth of the illumination source/s has often gone unreported; however, an estimated typical value for full width half maximum of about 15 nm is reasonable because LED sources have been used in all published studies. The authors are unaware of any CXL illumination devices using an alternative source such as a laser diode, filament, or a discharge lamp. Furthermore, to the authors' knowledge, no CXL illumination devices have used pulsed emission or any temporal pattern of exposure other than continuous. Therefore, our description can be extended to say that currently accepted typical CXL illumination is moderately incoherent with continuous exposure. Future studies may investigate some temporal pattern of exposure using higher irradiance energy levels in an effort to shorten treatment time while still inducing a similar CXL response.
3,18 -19 Some authors have described intentionally structuring the beam irradiance with a spatial pattern, 20 although all CXL procedures reported to date have endeavored to produce uniform homogenous beam irradiance over a roughly circular treatment area. Beam homogeneity is a critical goal of the optical design in regard to safety and efficacy, 6, 9 and it is a major distinguishing feature of modern CXL illumination systems compared with the early direct illumination devices.
Summary of Safety Considerations Relevant to Illumination System Design
When designing an illumination system for CXL, it is critical to respect the corneal damage threshold of 3.6 mW/cm 2 and the effectivity threshold of 2.6 mW/cm 2 at the treatment plane. 9 A comprehensive discussion of all CXL safety considerations is beyond the scope of this article and the reader is directed to other publications [2] [3] [4] [5] [6] 9 for further details. The endothelium is the cell population at highest risk because of its position adjacent to the corneal stroma and the significant consequences of damage owing to its limited mitotic capabilities. 9 Particularly, the central endothelium is more susceptible to damage than the peripheral endothelium, which is protected by the greater absorbance of the thicker peripheral stroma. For this reason, many investigators have adopted a minimum pachymetry value of Ͻ400 m after epithelium removal as a surgery exclusion criteria. 3, 5 Endothelial cell density is recognized as a metric for assessing safety and adverse events 2, 8, 21 ; however, a minimum endothelial cell density value has not been recommended as a surgery exclusion criteria. 2, 3, 5, 6 The limbal epithelial stem cells must be protected during surgery, and this can be achieved with a combination of a conservative treatment diameter and a good optical design that maintains a relatively stable beam diameter in the event of patient misalignment along the z axis. The limbal epithelium is particularly vulnerable to patient movement in the xy plane.
Exposure of the corneal endothelium, crystalline lens, iris, and retina to UV light at the recommended irradiance level and beam arrangement is generally considered safe (Ͻ1 J/cm 2 ), provided the minimum pachymetry value is sufficient (minimum of 400 m when assessed intraoperatively) and the minimum Riboflavin concentration is maintained. 2, 6, 9 Special consideration should be given to patients with shallow anterior chambers as the exposure levels at the crystalline lens and the iris increase above typical. Some investigators have included Pilocarpine drops in their treatment protocol, essentially using the iris to shield deeper ocular structures from UV radiation. 3, 5 Misalignments and positioning errors must not increase the irradiance above 3.6 mW/cm 2 . Patient head and eye movements during treatment are likely, therefore, the illumination system must maintain a similar beam irradiance, beam diameter, and homogenous beam profile within a range of a few millimeters either side of the treatment plane. Bueeler et al. 9 explain that because of safety reasons, a good optical design should provide maximum irradiance at the treatment plane and slightly lower irradiance in all other planes. This is essentially the optimal solution achievable if using an extended source such as an LED or an array of LEDs. However, it is possible to design a system that would provide perfectly constant beam irradiance, beam diameter, and a homogenous beam profile over a range of a few centimeters either side of the treatment plane by using a point source. Such a design is presented in Fig. 1 , but this design suffers major difficulties of obtaining a source capable of generating sufficient flux at the 365 to 370 nm wavelength, increased retinal irradiance for the emmetrope, and susceptibility to variation in corneal reflection coefficients. For the purposes of this application, a reasonable approximation to a point source might be achieved by coupling an LED to an optical fiber; however, this will not overcome the demand to drive the LED at sufficiently high levels to achieve the required optical flux as determined by the Lagrange Invariant. Although the optical design can address tolerance to patient misalignment along the z axis, beyond producing uniform irradiance and a conservative beam diameter (allowing a sufficient margin of protection to the limbal epithelial cells), it has no ability to negate patient misalignment in the xy plane. The lengthy treatment time of 30 min means that even compliant patients will suffer xy misalignment during the procedure. This demands continual monitoring of patient alignment and appropriate corrective adjustments to the illumination system. The xy position of a standmounted system is readily adjustable intraoperatively, although intraoperative adjustment of the z position should be largely unnecessary in most cases provided initial alignment is accurate, patient compliance is reasonable, and the optical design is appropriate. Patient-mounted illumination systems such as the Pria Vision KeraCure offer the potential to negate the effect of patient head movements in both the z and xy directions, but this mounting arrangement does not neutralize the effect of patient eye movements. All CXL illumination systems described in the literature to date require manual monitoring and adjustment of patient alignment. The incorporation of an alignment-viewing channel as in the CBM VEGA system perhaps makes the task less onerous. Automation of this task is conceivable but would require sophisticated tracking and mechanical systems possibly increasing the cost of a system beyond what is clinically or economically justifiable. The risks associated with patient movement and misalignment might be more appropriately addressed by future modifications in protocol facilitating a reduction of the required treatment time. 3, 18 Patient head movements during CXL may be limited by bracing the head against lateral supports attached to the bed. This may be particularly beneficial if using a stand-mounted illumination system. An appropriate internal fixation target presented to the surgical eye at a short distance (anticipating most patients will be highly myopic) will reduce patient eye movements. If an illuminated or self-luminous fixation target is used, the wavelength selected must not contribute to Riboflavin excitation.
Summary of Clinical Considerations Relevant to Illumination System Design
Patient alignment is made easier by using a relatively modest working distance in the optical design: when the objective lens has a short "throw" to the treatment plane and angular positioning of the device is less critical. Yet, the working distance must be sufficient to avoid nasal obstruction and allow adequate space for the instillation of Riboflavin and balanced salt solution throughout the procedure. In this respect, a long working distance provides for an easier and safer instillation of drops. Depending on the method used to perform intraoperative pachymetry, an even longer working distance may perhaps be more suitable to facilitate intraoperative pachymetry without requiring displacement of the UV illumination system. A slim profile of the illumination system and associated mounting is desirable because it prevents nasal obstruction, limits impediment to airflow, and thereby reduces the potential for vapor condensation on the objective lens.
Because of corneal curvature, any incident illumination will suffer variation in the corneal reflection coefficients across the surface. 9 This leads to a variation in how much UV radiation is available for absorption within the stroma (Fig. 2) . A potential solution to this issue is to match the curvature of the illumination beam to the curvature of the cornea. 9 Bueeler et al. 9 report that this could be achieved with a convergent beam path although this should not be interpreted to imply focusing the source at the center of curvature of the cornea (Fig. 3 ). An illumination system using a convergent beam coming to a focus behind the treatment plane ( Fig. 3) would suffer significant problems of beam non-uniformity and sensitivity to patient misalignments along the z axis in much the same way as the early divergent "direct" illumination systems. To be consistent with other design features described by Bueeler et al., 9 the convergent beam path most likely refers to a collection of collimated pencils emitted from each field point on the source, intercepting the optical axis at the treatment plane and creating an image of the field stop (FS; Fig. 4) .
To analyze the significance of the variation in the corneal reflection coefficient, we considered the following model. The model assumed collimated unpolarized illumination incident on a spherical cornea with a 7.0 mm radius of curvature (intentionally steep to represent a typical early keratoconus) and refractive index values of values of n air ϭ 1.00 and n cornea ϭ 1.376. Fig. 5 shows a plot of the corneal reflection coefficient for unpolarized light (R) and polarized components (R p and R s ) against angle of incidence. In this model, we observe r ϭ 2.5% for the principle ray. The marginal ray of a 7.0, 9.0, and 11.0 mm treatment beam make an angle of incidence of 0.52, 0.70, and 0.90 radians, respectively, at the cornea. This corresponds to a differential (principle ray to marginal ray) for the value of R of 0.12, 0.47, and 1.75%. Assuming all, unreflected light is available for absorption by the stroma, this means that in the case of a collimated 3 mW/cm 2 treatment beam with uniform beam irradiance, the non-reflected dosage delivered at the edge of an 11 mm treatment diameter is 2.87 mW/cm 2 compared with 2.93 mW/cm 2 at the center. This model used moderate values for n cornea and the corneal radius of curvature. Because of chromatic dispersion, at the 370 nm wavelength of interest perhaps a higher value for n cornea could be assumed, further exacerbating the reflection coefficient differential. A lower value for the corneal radius of curvature or adapting the model to consider divergent illumination (as is the case for direct LED illumination) would also exacerbate the reflection coefficient differential. Collimated light intercepts the corneal surface at larger angles of incidence in the periphery compared with the central region, resulting in an increase in the reflection coefficient and a decrease in the number of photons available to excite the Riboflavin.
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Fig. 5 also displays the reflection coefficients for the polarized components R s and R p . Note the gradient of these functions is substantially greater than that of R. This has important implications regarding the selection of an appropriate illumination source. Light from a typical LED is relatively unpolarized, whereas light from a laser diode can exhibit significant linear polarization. An illumination system using a laser diode would be prone to the greater variation in reflection coefficient shown by R p and R s . As a further extension to this argument, any device that uses an angled mirror or beamsplitter in the optical layout will generate some degree of polarization and would therefore exhibit greater variation in the corneal reflection coefficient even though the source itself may emit unpolarized light.
Apart from variation in the corneal reflection coefficient, the corneal curvature also presents a geometric difficultly when translating irradiance on a plane to irradiance on a convex surface. A beam with uniform irradiance over a plane will not create uniform irradiance over a convex surface such as the cornea. This effect can be modeled by comparing the surface area of a circular beam at the treatment plane against the surface area of the spherical cap illuminated by this beam. Fig. 6 shows a plot of surface area verses radius for both a circle and the corresponding spherical cap illuminated by a circular collimated beam (a 7 mm radius of curvature is assumed for the spherical cap). The disparity between the two functions increases with radius and at a beam radius of 5.5 mm (corresponding to an 11 mm treatment diameter) the surface area of the circle (95 mm 2 is significantly different from the surface area of the spherical cap 117 mm 2 ). To compensate for this effect, the beam irradiance when measured or described at the treatment plane should not be a top-hat function, but rather an inverse-apodized function as shown in Fig. 7 . Fig. 7 shows that to compensate for this geometrical problem and create uniform irradiance over the convex corneal surface, then beam irradiance in the treatment plane needs to increase from 3 to 3.67 mW/cm 2 at the edge (assuming the cornea can be modeled as a spherical cap with a 7 mm radius of curvature). This value exceeds the corneal damage threshold of 3.6 mW/cm 2 and debate on this issue and the suggested beam irradiance profile is needed, particularly when CXL treatment diameters above 7 mm are considered. Introducing an inverse-apodized density filter in the optical design of an illumination system could achieve the suggested irradiance profile with potential benefits of improving uniformity of treatment. However, until appropriate experimental evidence can validate the safety and efficacy of the suggested irradiance pattern, these concerns restrict its implementation.
REVIEW OF CXL ILLUMINATION DESIGNS

Direct Illumination Designs
All devices based on direct LED illumination (Fig. 8) exhibit poor beam uniformity, this is particularly so because a short working distance is required to restrict the beam diameter from expanding beyond the desired treatment diameter. The short propagation distance relative to the size of the extended source means that the beam homogeneity is poor at the treatment plane on both a global scale and a local scale. Local non-homogeneities such as hot spots or cold spots are created because of the angular radiance distribution of LEDs when used in a direct illumination arrangement. Hot Convergent illumination design using an extended source (S) positioned at a distance of twice the focal length from lens (L 1 ). Marginal rays are drawn for three field points (on-axis field indicated in bold, off-axis field indicated in fine) of the extended source and a diaphragm (D) is shown. The beam uniformity, diameter, and irradiance vary significantly through planes A, B, and C.
FIGURE 4.
Marginal rays from three field points (on-axis field indicated in bold, off-axis field indicated in fine) of an extended source are illustrated after passing through a Köhler design optical system (Fig. 9) . A collection of collimated pencils intercept each other at plane B forming an image of the FS.
spots pose a potential safety risk particularly to endothelial cells, 9 whereas cold spots pose a potential risk to treatment effectivity and may induce an irregular physicochemical response.
In a direct illumination design (Fig. 8) , the beams of individual LEDs emitting low radiance are positioned to overlap to create sufficient irradiance at the treatment plane. Bueeler et al. 9 report that as the number of overlapped LEDs increases, the gradient of the beam irradiance from the center to the periphery increases. However, regardless of this distinction, a single LED individually powerful enough to generate the required radiance will still produce an unsuitable irradiance gradient if used in a simple direct illumination design.
Apart from beam non-uniformity in the treatment plane, major arguments against direct LED illumination exist because of their rapid deterioration in performance outside of the treatment plane. 9 With only a movement of a few millimeters either side of the treatment plane, the beam shape looses circularity, non-uniformity increases, the beam size changes, and the beam irradiance changes. 9 Direct illumination designs are inappropriate for CXL procedures given the availability and superior performance of commercial alternatives.
Kö hler Optical Design
In 2008, Bueeler et al. 9 drew attention to the fact that Köhler design principles could improve the performance of UV illumination systems for CXL. Because the Köhler arrangement is mainly discussed in reference to microscopy in the literature, 22 some principles are more applicable than others to the CXL application. A Köhler optical design is a technique to provide good beam uniformity without the need for a diffuser. 22 It does this by mapping the light emitted from each point on the source to cover a wide area in the treatment plane. In this way, it does not matter which parts of the source are hot or cold because their effects are made to overlap each other in the treatment plane. Köhler effectively transfers the angular spread of the source into a spatial distribution at the treatment plane. The Köhler principles applicable to CXL are described in Table 2 , and an example of a generic Köhler design layout suitable for a CXL illumination system is shown in Fig. 9 . A magnified schematic of the same Köhler design is shown in Fig. 4 emphasizing the arrangement of rays near the treatment plane.
By removing the separation between lens L 2 and the aperture diaphragm (AD), a compressed generic Köhler arrangement is possible (Fig. 10) . Although not obvious because of the scale of Fig.  10 , it is worth noting that lens L 2 acts as a field lens with respect to the source and imparts an angular deviation to each cone of light, dependent on field angle.
Generic Köhler designs (Figs. 9 and 10) avoid the use of a diffuser. However, designers may elect to incorporate a diffuser to limit the instrument length and to ensure beam homogeneity. By Plot of the reflection coefficient modeled for collimated illumination incident on a spherical cornea with anterior radius of curvature of 7 mm and a refractive index of 1.376. The unpolarized coefficient R (bold) is the arithmetic mean of polarized components R s and R p (fine).
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facilitating a larger angular subtense of the FS, a greater number of photons are captured, but the diffuser itself decreases the number of photons transmitted so there is no significant motivation to incorporate a diffuser in terms of photon efficiency.
If incorporating a diffuser into the optical design, it is preferable to do so without disturbing the Köhler design principles. With telecentric imaging, a diffuser can be introduced into the optical system without altering any of the other elements and without compromising the benefits offered by a Köhler design (Fig. 11) . Telecentric imaging of the diffuser provides robustness to working distance errors while using an extended source. Consider a generic Köhler design (Fig. 9) , which is susceptible to changes in beam diameter and hence beam irradiance in the event of working distance error. The principle rays emitted from each point on the surface of the source are convergent before the treatment plane and divergent after the treatment plane. The AD can be stopped down to reduce the susceptibility to working distance errors and increase the depth of focus. This decreases the angular spread of the beam at the treatment plane, but it also causes a significant reduction in irradiance as a smaller area of the source is used. As the AD decreases, the source must produce greater flux to maintain the required treatment beam irradiance. Such a design demands a suitably high-flux LED.
By contrast, one could consider the optical layout shown in Fig.  11 . The diffuser creates a homogenous beam by scattering light and imparting tiny random variations in phase to the wavefront. The telecentric arrangement means that the principle ray scattered from each point on the surface of the diffuser is parallel with the optical axis after leaving the objective lens (L 3 ). In essence, the energy direction scattered from each point on the diffuser is parallel to the optical axis when intercepting the cornea. This imparts stability to the beam diameter, irradiance, and uniformity in the event of a working distance error while efficiently using an extended source. Consequentially, there is no high-flux demand on the source and an array of low-flux LEDs may be used. The combination of Köhler principles with telecentric imaging of a diffuser element achieves a balance between the goals of beam stability in the event of a working distance error and generating sufficient irradiance with an extended low-flux source.
The optical layout in Fig. 11 results in mild beam uniformity deterioration at plane A as the surface features of the diffuser become imaged. This presents a concern in the event of a working distance error. However, it can be argued that the small size of the diffuser features, their low contrast, and their random distribution combined with continual small involuntary movements of the patient's eye will act to smooth the delivered dosage over relatively short timescales.
Regarding the anticipated irradiance at deeper ocular tissues produced by the illumination system show in Fig. 11 , we do not expect any significant deviation from those results reported by Bueeler et al. 9 We expect that any optical design adhering to Köhler illumination principles and with similar f numbers will likely produce similar irradiance profiles at the deeper ocular tissues although future experimental work is needed to verify this.
PROTOTYPE CXL ILLUMINATION SYSTEM Optical Design of Non-Propriety Prototype
The primary goal of the optical design is to achieve homogenous irradiance of 3 mW/cm 2 at the treatment plane over the desired treatment diameter. The optical design presented in Fig. 11 has several features that help to provide uniform effectivity of the ap-
FIGURE 8.
A divergent "direct" illumination design. Marginal rays are drawn for three field points (on-axis field indicated in bold, off-axis field indicated in fine) emitted from an extended source (S). The beam uniformity, diameter, and irradiance vary significantly through planes A, B, and C.
FIGURE 7.
Plot of the required beam irradiance profile in the treatment plane to compensate for the geometrical increase in surface area when projecting from a circle to a spherical cap of 7 mm radius of curvature. A top-hat function illustrating the currently accepted ideal beam irradiance profile is also plotted for comparison.
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plied treatment, assuming Riboflavin has uniform absorption in the treatment zone. The elements include a heatsink, a single LED source (S), condenser lens (L 1 ), diffuser (Di), FS, diaphragm (D), focusing lens (L 2 ), aperture stop (AS), and an objective lens (L 3 ).
CXL demands a peak wavelength between 365 and 370 nm and a narrow spectrum bandwidth. This requirement combined with the use of an extended source in the optical design, lends itself to the choice of an LED source. An LED source is preferable to both a laser or a broadband source and filter combination because it brings simplifications to the electronic requirements and increases efficiency. LEDs are more efficient, less expensive, and easier to drive compared to both alternatives. Our design employs a single LED capable of producing sufficient optical flux while operating well below its maximum forward current. Using a single powerful LED instead of an array of weaker LEDs simplifies the design, construction, and alignment. The LED driver circuit operates in constant-current mode and no monitoring photodiode is used. The design of the LED driver is important to consider because unintentional pulsing of the LED may be produced when dimming the LED if the driver uses pulse-width modulation. The testing and safety procedures developed for the prototype includes the use of a log book to ensure the source is replaced with respect to the expected life span of the LED. The low operating current of the LED and the use of a heat sink preserve the lifespan of the LED and decrease the risk of premature failure.
In Fig. 11 , light from the LED source is directed by the condenser onto the diffuser with sufficient beam width to uniformly illuminate the FS. Note the LED is not a flat-top design and so the epoxy encapsulant itself contributes significantly to the angular distribution of the beam. In the absence of the diffuser (as in Fig. 10) , the LED source itself would be imaged at the front focal plane of the objective lens (L 3 ). The diffuser creates a homogenous beam profile although there is a small loss of homogeneity at its optical conjugate (plane A) because the surface features of the diffuser become imaged. For this reason, the diffuser is separated from the FS by a small distance. This small gap avoids imaging the surface features of the diffuser at the treatment plane and yet is small enough to avoid vignetting by the diaphragm, which would destroy beam uniformity. The diaphragm control allows a variable treatment diameter (1 to 11 mm), whereas the FS limits the maximum treatment diameter to protect the limbal stem cells from exposure. The FS and diaphragm are essentially in the same plane but have been drawn separately in Fig. 11 for illustrative purposes.
The diameter of the FS determines the maximum treatment beam after accounting for magnification. The optical design allows for an FS corresponding to a maximum treatment beam diameter of 11 mm. However, during construction, the FS diameter can be reduced to match the preferred limits of an individual surgeon and accordingly our prototype used a 6 mm diameter FS corresponding to a 9 mm maximum treatment beam diameter.
The diaphragm, which is exactly conjugate to the treatment plane and almost conjugate to the diffuser, can be regarded as a homogenous extended source positioned in the first focal plane of the focusing lens (L 2 ). The focusing lens therefore produces collimated light from each field point and the resulting beam is a collection of collimated pencils spread over the field angle. The mounting of the focusing lens is deliberately sized to act as the AS of the system and positioned in the first focal plane of the objective lens (L 3 ) to achieve telecentric imaging. The principle rays from each field point are therefore parallel with the optical axis as they travel from the objective lens to the treatment plane. Telecentric imaging provides stability to the beam diameter and beam homogeneity in the event of misalignment along the z axis. Only a collimated illumination design using a point source (Fig. 1) could offer better performance in this regard. The ratio of the focal lengths of the focusing lens and the objective lens achieve the required beam expansion while also satisfying the working distance criteria discussed previously. Values of f 2 20 mm and f 3 30 mm were used in the prototype creating a magnification of ϫ1.5 and a 30 mm working distance. All lenses in the device are UV transmissive and UV stable. The optical design is efficient in regard to photon conservation and is compact in size (2.5 mm diameter ϫ 190 mm length) with a minimum number of optical elements. This has obvious advantages in terms of weight and cost. The Explanation: The architecture of the source has a structure with substantial local non-uniformities in irradiance that shouldn't be imaged in the treatment plane. To achieve this optimally, the source should have maximum defocus (conjugate to infinity) at the treatment plane and therefore be conjugate to the front focal plane of the objective lens.
Principal-Conjugate the source to the aperture diaphragm.
Explanation: By placing the aperture diaphragm conjugate to the source (and the front focal plane of the objective lens), the numerical aperture of the system is easily controlled. The aperture diaphragm controls beam irradiance at the treatment plane. It also controls the angular spread of the beam, thereby determining the system tolerance to working distance errors in terms of beam diameter and beam irradiance. These are very important effects and user control over this diaphragm is not recommended; a fixed pupil dictated by the optical designer is more appropriate.
Principal-Conjugate the field stop to the treatment plane and position it far enough from the source to capture a homogenous beam.
Explanation: The field stop is imaged by the system at the treatment plane and therefore homogenous illumination of the field stop is important. The field stop determines the maximum treatment diameter (typically 11 mm) and a usercontrolled diaphragm positioned in the same plane allows selection of the required treatment diameter (typically 6-11 mm) without influencing irradiance at the treatment plane. As angular subtence of the field stop decreases, beam uniformity improves but photon efficiency decreases so this design parameter has a restricted range based on the angular radiance distribution the source and practical restrictions of instrument size.
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optical design offers substantially more control and safety than designs relying on divergent "direct" illumination.
Construction and Mounting
A prototype device was constructed (Fig. 12) along with an optical power testing cradle and a mounting system. The prototype was relatively inexpensive to construct. A premounted LED source (part number M365L1 from ThorLabs) was used and fused silica singlet lenses with focal lengths of f 1 12.5 mm, f 2 20 mm, and f 3 30 mm were assembled inside a 1-inch diameter tube. A UV viewing card for alignment is unnecessary as the wavelength is visible against normal white viewing card/paper. The device is easily mounted onto an IV pole, which is clinically convenient, robust, stable, and the system offers 3°of freedom for positioning. A post arm connects midway along the optical tube and is then clamped onto the IV pole at the other end. The post arm allows sufficient xy reach in cases where the IV pole is remote to the eye being treated. The post arm also allows rotation of the device about the axis of the post. The clamps on IV pole allow height (z) adjustment independent of bed height. The IV stand itself allows adjustment in position (xy), and the wheels of the IV stand may be locked once positioned.
Device Testing
A suitable power meter with a peak sensitivity in the UVA range and a resolution of 0.1 mW/cm 2 was used to confirm the optical irradiance of the device. It is important to ensure that the entire beam is captured by the window aperture of the power meter and that accurate beam power measurement is achieved. To simplify alignment, it is sensible to perform the testing at a short distance A Kö hler illumination design with an extended source (S) conjugate to the AD and the FS conjugate to the treatment plane (B). The FS controls the beam diameter at the treatment plane. The AD controls the angular spread of the beam at the treatment plane and also alters beam irradiance. The marginal (single arrowhead) and principle rays (double arrowhead) for three field points (on-axis field indicated in bold, off-axis field indicated in fine) emitted from the source are illustrated.
FIGURE 10.
A compact Kö hler illumination design with an extended source (S) conjugate to both the AD and lens (L 2 ). The FS is conjugate to the treatment plane (B). The FS controls the beam diameter at the treatment plane. The AD controls the angular spread of the beam at the treatment plane and also alters beam irradiance. The marginal (single arrowhead) and principle rays (double arrowhead) for three field points (on-axis field indicated in bold, off-axis field indicated in fine) emitted from the source are illustrated.
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The device peak wavelength (367 nm) and spectral bandwidth (18 nm) was verified by spectroscopy (Fig. 13) . The beam homogeneity was verified with a UV sensitive CCD. The standard deviation of irradiance measured over the 2D cross-section of a 4.7 mm diameter treatment beam was 178 gray levels. The mean intensity over the same image was 3097 gray levels. The contribution of read noise and thermal noise was estimated by analyzing a dark frame of rapid and prolonged exposure, respectively. The variance of these noise sources is negligible when compared with the variance of the measured beam. To a rudimentary approximation when operating at a mean irradiance of 3 mW/cm 2 , the anticipated spatial standard deviation of irradiance in the xy plane is 0.17 mW/cm 2 . The beam profile is shown in Fig. 14 and at all beam diameters tested. Note when the diaphragm was fully opened creating a 9-mm beam diameter, the beam profile could not be verified without placing additional minifying relay optics between the device and the CCD. This is simply because the available CCD chip size was not large enough and consideration must be given when selecting appropriate relay optics to avoid inadvertently effecting beam quality. The testing results confirm the beam profile in the treatment plane is uniform with a flat profile. A comprehensive analysis of homogeneity for larger beam cross-sections requires either a larger CCD chip, montage stitching of images, or additional minifying relay lenses. It is the goal of future work to provide quantitative analysis of beam homogeneity for up to 11 mm diameter beam cross-sections and also under circumstances of working distance errors (z).
CONCLUSIONS
The optical design presented provides a balanced solution in response to the relevant safety, clinical, and construction issues. The combination of Köhler illumination principles and telecentric imaging of the FS positioned directly adjacent to the diffuser achieves an appropriate compromise between the goals of irradiance homogeneity, beam stability in the event of a working distance error, and efficient use of a low-flux LED source. The prototype and mounting system were assembled and tested. Additionally, a procedure to verify beam power and beam diameter has been developed so that the device can be tested quickly and accurately before each use. Suggested future improvements to the prototype design include the incorporation of a fixation target and alignment channel.
Under certain assumptions, modeling an 11 mm treatment diameter indicated the variation in corneal reflection coefficient produced a 0.06 mW/cm 2 effective irradiance differential from center to edge. Modeling of the geometrical difference in surface area of A compact Kö hler illumination design with telecentric imaging of the FS. The extended source (S) illuminates the diffuser (Di), which is separated from the FS (FS) by a small distance. Rays from three field points emitted by the source are illustrated. The FS and user-adjustable diaphragm (Da) are positioned in the front focal plane of lens L 2 . The AS is positioned in the front focal plane of the objective lens (L 3 ) creating telecentric imaging. The FS is conjugate to the treatment plane (B) and the back focal plane of the objective lens (L 3 ). The marginal (single arrowhead) and principle rays (double arrowhead) for two field points scattered from the diffuser are illustrated.
FIGURE 12.
The UV illumination device prototype.
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the cornea compared with a flat plane produced a 0.67 mW/cm 2 irradiance differential from center to edge. An inverse-apodized irradiance beam profile may address these issues and improve treatment uniformity but requires experimental validation of safety and efficacy before implementation.
Currently, there is limited experimental evidence directly comparing the operating characteristics and treatment outcomes of modern CXL illumination systems. Future work in this area will aid in selection of the most effective and safe illumination designs.
